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Abstract 

1. htrntlrction 

Tho Albion Formation WBS first 
dc;writcd by 0wm1pu el al. [I ]  in a yuarry 
on Albion  Island located in the Hondo River 
of northern Belize ( F i g  1). Sedimentologic 
and petrographic evidence suggest that the 
Albion Formation is proximal impact ejecta 
and its strotipphic position overlying h t c  
C1ewc:uus platB~rs MI trullatcs indicates 
that thc ejecta most likely come the 
Chiexuiub impact crater, which lies 
approximately 360 km northwest of Albion 
Island [ I  1. The Alhion quarry, mgether with 
a series of Albion Formation outcrops wc 
diwwered 011 the Mexican side of the 
IJondo River in January 1998, arc the doscst 
ejecta exposures yet found to the crater and 
comprise tbc only known exposures of the 
Chicmlth contintmas ejeda blanket. In this 
pmper wo expand upon this earlier work and 
rcport new findings from tlw ongoing 
rescarch on Albion Island. 

2, Barton Creek Formation 

The Barton Crook Formation on 
Albion Island is cornposcd of a t a ~ ~ ~ ~ l o r c d ,  
26-m-thick sequence of dolomitized 

limestone depaitcd in a shallnw-water 
platform environment (Fig. 1 ). Petrographic 
and outcrop d y s c s  indieatc intcrbcdding 
of shallvw subrich1 and intenidal sediments, 
some with nodular molds suggesting 
periodic emergence and evaporite 
depbsition. Cathodaluminoscnce (CY.) 
petrography indicates a complex peragtnetic 
scqucncc of c;alcitc wmentation and 
dolomitization [2], Benthic fbraminifera 
fossils are present in the section, but they are 
too recrystallized to be ideniilied. A new 
&es of fossil crab, Curcinerc/m 
plowfuritcv [3] (FiB. 2 ~ ) ,  and nerineid 
gastr~pods (Fig, 2b) aic found ncar thc bas0 
of the exposed section (Pig, 1). Plures [4] 
intcrprcted the Barton CLcck Formation BS 
roprestnting a shallow, back-mf lagoon 
environment. This is consistent with the 
gastropods and crabs, as well as with the 
overall testriotcd huna and lithalogy of the 
Albion quarry. 

The Barton Cmck Formation in 
central Belizc contains Upper Cretaceous 
fossil rudistids, miliolids, rotalids. Qwicliirtu 
sp., Lcwkhartb op,  hbnmoloctilina cp., a d  
Vuivdima spa [4]. The nerineid gastropods 
fronk Albioll Islrud haw irifohiilig wall 
s t r u m s  (Fig. 2b) characteristic of the last 
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developmental stage, indicating a 
Campanian  to  Maastrichtian age. Vega et 
ai. [3] propose a Mastrichtian age for thc 
Curcineretes planetarim crabs found at 
Albion Island. The only  other  member of 
Curcinetele.7, C. woolucotti, comes from the 
early Maastrichtian {5]. These findings, 
together with the Sr/ Sr isotope ratios 
(0.70786-0.70796) from Barton Creek 
Formation  reported by Ocampo et al. [ l] ,  
suggest a MaaEtrichtian age for the 
dolomitized limestones  underlying  the 
impact ejecta. 

The Barton Creek Formation in the 
quarry was folded  into a gently plunging 
anticline, the apex of which was eroded 
prior to deposition of the overlying Albion 
Formation. The upper surface of the Barton 
Creak Formation is irregular with local 
abrupt relief of 20-50 cm and preserved 
patches of caliche (Fig. 3). This caliche is 
composed of poorly  sorted, angular 
fragments of the Barton Creek Formation 
dolomite re-cemented with micntic  dolomite 
and coarse-grained  calcite with iron oxide 
crusts, Such a surface is similar to the 
caliche caps found on emergent  portions of 
the Pleistocene Yucatan platform [6].  These 
findings  indicate that Albion Island was 
emergent prior to the deposition of the 
Albion Formation. 

3. Albion Formation spheroid bed 

8 86 

The spheroid bed ranges in  thickness 
from 0.10-1.72 rn, but most exposures are 
-1 m thick. The basal, and occasionally the 
upper, contact is a -2-cm-thick brown clay 
layer (Fig. 4) with pronounced slickensides. 
Similar clay layers occur dong shear plmes 
that cut diagonally across the bed (Fig. 5). 
Typically, the upper contact is marked by 
the abrupt appearance of cobbles of the 
overlying diamictite bed, but with little 
change in the ma&ix (Pig. 5). Four distinct 
strata with gradational contacts are 

differentiated by clast type and foliarion 
(Fig. 1 >. All four strata contain 10-30% (by 
volume)  dolomite  spheroids, 1-10 mm in 
diameter.  They also contain 10% (by 
volume)  flakes and angular clasts of brown 
clay, 1-3 mrn in  diameter.  Spheroids are 
supported in a weakly consolidated, fine- 
grained, dolomite and clay matrix. Rare 
dolomite spheroids reach sizes of 20-30 mm. 
Green clay spheroids 1- 10 rnm in  diameter 
comprise 10-30% (by volume) of stratum 1 
and grade upward into the base of stratum 2 
(2% Fig 1). Most spheroids fall in the 5-10 
mm size range. No size grading of 
spheroids is apparent in outcrop. 

Stratum 1 is 15-20 ern thick. The 
dolomite and green clay spheroids arc 
flattened (Fig. 6 )  and deposited with the 
long axis pamllel to the underlying Barton 
Creek Formation surface (imbricated), 
giving the bed a foliated  appearance,  which 
follows the microtopography.  Stratum 2 'is 
2540 cm  thick,  contains slightly flattened 
dolomite spheroids, and has faint foliation. 
Stratum 3 is 40-50 cm thick and contains 
spherical, to slightly oblate dolomite 
spheroids, distinct foliation, and 10% (by 
volume) white, chalky, angular dolomite 
clasts  in the same size distribution as the 
spheroids. Stratum 4 is 40-50 cm thick and 
has the same composition as stratum 3, but 
no foliation. 

3.1. Matrix and dolomite spheroids 

The matrix of the spheroid bed is 
composed of sucrosic 25-50 dolomite 
crystals with concentric redyellow CL 
zonations, which contrast with the bright, 
concentric redlorange CL zonations in the 
dolomite crystals of the spheroids (21. The 
matrix and spheroids contain interstitial iron 
oxide and s m d t e .  The smaller (e5 mm) 
dolomite spheroids are composed of crystals 
of uniform size (-25 pm). Most dolomite 
spheroids in the 10-25 mm range have 
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concentric bands of tine and coarse crystals 
and iron oxide staining surroundiny tu1 
angular core (Fig. 7) (Innrsc sphc.roid 
bonds haw oryotal a i m  up b 500 pm, bur 
lnosl bands have 50-75 pm crystals. Many 
of Ihe larger crystals within thcsc bands 
have black opaque cares (Fig, 7c). One 
Inrye dolomite sphcroid rnntains a mre 
composed of t w o  smaller cpherdds joined 
logdhor (I?ig. 8), Thc ouqular ciom WL; 

wlnyovod of u whik, Ghulky, dn.e-grained 
(-10 pm) dolomite (Fig. 7a) that is similar 
to the dolomitc clasts in the upper strata of 
thc spheroid b e d .  

The p n  clay spheroids at the base 
of the spheroid bcd have a dull, waxy 
appearance.  X-ray ditiiaction (XRD) 
analyses indicate they arc mostly smeolite. 
Petrographio and microprobe analyses meal 
t l ~  p t iuns  uC surne spherules we isotropic 
tuld have S i M  ratios ('1'aMe 1 )  higher than 
typical smectites, as found in other WT 
boundwy clay sphcrules [7, R]. Microprobe 
Hnalyses of major oxides indicate that the 
green day spheroids ON oornpositionally 
similar to the Haitlrn palagonites formed 
ftom U T  boundary glass sphenrles (Table 
1). The typical size (mostly 5-10 mm in 
diameter] of the AIhinn Formation spheroids 
is laryer than that of the Haitian sphcnrlos 
{mostly (2 mm in diamctcr [7, 91). 
ScrWltlirlg alwl~url rnimgaphs (SEM) and 
thin sections of the clay spheroids show 
vcsicular and spherulitic textures typical of 
devitrified glass (Fig. 9). 

4. Albion Formation diamictitc bed 

Ocampo et ai, 1IJ  tstirnated the 
maximum thickness ofthe diamictitc! to be 
about 15 m, but an erosion surface cuts  the 
lop and its original thicktwos is unknown. 
Tho diamictite is wcukly consolidated, 

Due io Ow uLurlclarlcc of lnrec clasts 
in thr: diamictite, we employed a win siz.e 
analysis technique using the cross-sectional 
area of clasts, slmlirrr to that used in thin 
section analysis, We measured clasts 
diameters within 1 m by 1 m grids trt four 
outGrops in thc quarry, alld i l l  pholugmphs 
of a 66-m-long freshly cut face of the 
quarry. 'l'he outcrops wcre a n h l y  chosen 
from the base (saddle and cut I lower part) 
and uppcr (cut 1 upper pad, cut 2) pwions 
of the diamictitc bcd. We measured dl 
clasts latgcr than 0.8 Gm within the g r i d s  and 
lrugcr than 2 rn in tho photoEphs (smaller 
clasts WCK: not detected in the photographs). 
The percent matrix (defined here as clasts 
smaller than 0.8 cm in' diameter) was 
cdculatd for each grid. The msults of these 
analyses arc shown in a scrics of histograms 
for the grid dah (Fig, 10) and as a pph of 
the cumulative percentage (area) for the 
combined grid and photographhsed data 
(Fig. 1 1 ) .  A m m i n e  uniform density of 
materials, theso data are good pmxios for 
wcie pcrcentagcs mow wanlnouly u r d  ill  
such w~lyws, Those figures illustrate the 
poorly somd nature and hobrqeneity of the 
diamictitc bed. 

Most of the carbonate claqts are 
dolamitized limestone and the nonelastic 
oomponont of the matrix is a miGritio 
dolomite (10-60 pm crystals) with minor 
amounts af- interstitial clay and iron oxide. 
Multiple generations of CL-distinot dolomite 
cements are! follnd in the matrix and in the 
carbonate clasts [Z], Tho diamiotite bed 
contains rarc concentric dolomitc spheroids 
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10-20 rnm in diameter and a few large 
blocks (up to 4.5 rn in diameter) with lithic 
cores and 7-75 cm-thick rinds of material 
similar in texture and composition to the 
diamictite matrix (Fig. 12). Rare carbonate 
clasts exhibit striations in a single or 
occasionally multiple directions  and in many 
cases  terminate in an abrupt angular surface 
(Fig. 13a). These striations range from 
microscopic sets that grade  into a fine 
polish, to parallel grooves 1-2 mm deep. 
Sand-sized carbonate grains occur within 
some  striae. In one sample, a dark dolomite 
rock chip penetrated the clast to form a pit 
with a striated wall (Fig. 13b). Ocampo et 
al. [ I  J reported finding a clay pocket filled 
with radially fibrous calcite spherules that 
they called  pisoids. We found another 
similar packet in 1995. These new radially 
fibrous calcite spherules included many with 
angular cores of a dark gray dolomite. The 
calcite spherules have etched surfaces and 
wart like protrusions (Fig. 14) similar to the 
smaller altered glass sphedes from the UT' 
boundary 191, 

1.2. Clay classs and other cornponsnrs 

Green clay clasts comprise about 
10% (by weight) of the  diamictite bed. 
They  range in sue from <1 mm to 40 mm, 
but  most are 4 0  mm in diameaer. 
Petrographic, X R D ,  SEM, and microprobe 
analyses of the days reveal  they  are smectite 
and palagonite. Compositionally these 
palagorites are similar to those of the 
spheroid bed, except that they contain 
slightly more K and Fe (Table 1). Many of 
the clay fragments have the same vesicular 
textures and spherditic devitrification 
features found in the green day spheroids of 
&he spheroid bed (Fig. 15). 

Aufhigenic quartz found within vugs 
in the diamictite bed contains anhydrite 
inclusions. Acid leach residues from the 
diamictite contain common gypsum as 

finely disseminated crystals. Apparently 
sulfates have been mostly leaGhed from the 
deposits. We found a single detrital quartz 
grain in the  acid leach residues that has one 
prominent set and a second clear set of 
planar deformation features (Fig. 161, 
indicative of shock. Detrital quartz grains 
were  extremely  rare in rhe over 1 kg of 
diamictite  that was processed and only one 
shocked quartz grain was found. 

5. Interpretations 

The shocked quartz and impact- 
penetrated cobbles add to evidence provided 
by Ocampo et al. [I] that the Albion 
Formation is of impact origin. The 
penetrating rock chip must have impacted 
under pressures andor temperatures 
suEficient to plastically deform carbonates 
[ 101, since impacts between solid particles 
produce radial fractures and spallation zones 
[ 1 11. not the grooved penetrating features 
we observed. The origin of this high 
~ernperatudpressure environment is 
uncertain, but may have developed during 
particle ejection from the crater or within the 
ejecta curtain. The impact-penetrating chip 
is part of a cluster of pits and striations that 
radiate away from the tip of the pointed 
cobble in parallel sets (Fig. 13). This 
suggests that the cobble was rotating as it 
past through (in a relative sense) a cloud of 
finer debris. Similar features are found in 
other ejecta [123 and these surface features 
are common on pebbles and cobbles in the 
Chicxulub ejecta deposits in central Belize 
E1 31. Indications that the Barton Creek 
Formation underlying the Albion Formation 
is probably  Maastrichtian, provides an 
improved temporal link between the Albion 
Formation and the nearby K/T Chicxulub 
crater. 

The Barton Creek Formation 
carbonates are composed of several size- 
distinct and CL-distinct generations of 
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cenwnt and replacement dolomite, which are 
difrcrcnt with ttspcct 10 a i s  and CL liwn 
he  dololnites in either the spheroid DZ tllc 
diamictitc beds. Furthennorc, the dolomites 
i n  the spheroid bed are different in sim, CL 
chwadcr, and cmpnxitim fmn the 
dolornitec cclmprisirl~ the matrix and 
rllochthonow bJoc;ks of the diamictitc bed. 
No widemx of rlulumite cement 
ovcrgrowths on detntal  doloit; .: crystals or 
fragments was observed with : . in tither 
the spheroid or the diamictite b e d s .  T ~ G M  
observations suggest that: 1 )  the fluids that 
dolomitized the Barton Ctcck Formation, 
sphtrold b d ,  tuud rliu1ir;lik b d  were 
chemically distlnct mm one another; 2) the 
I3arton Crcck Formation hmestcvlc was 
dolomitized prior to deposition of the ejecta; 
and 3)  neither the spheroid bed dolomites 
nor most of the dolomitizcd rrllochthonous 
blocks in the diamictitc bed w e  derived 
Rom rhe direcrly underlying Barton Creek 
Formation. 

Figurc 1 1  indicates that the 
diamictite contains two populations of 
clasts. The grid data represent one normally 
dist.ributtd populatim with a rnoclrrl size 
(excluding mtrix) of -5 to -6 phi (3.2-6.4 
cm, Fig, IO), which plots clmc to a straight 
linc on tho probability soale of the 
oamdativr.: *h curve (rig. 11). Tht 
photographic data, representing the lnrgcr 
c lat  sizes (-1 1 to -13 phi, * 2-8 m>, do nut 
plot close to the straight linc of the $nd data. 
Such a deviation from B single straight line 
is B good indication that two populations arc 
involved [14]. While it is possible that the 
different measument Qchniques have 
some c f b t  on thc rcsults, we I W ~ G  U u l  (hc; 
propod dlflerence between the two 
populations is that large clasts m too 
abundant to be the tail of a single population 
digtrihutinn. h e  wonid expect if the 
photogr~aphic technique did inl~odw some 
error, it would undm&nalc;rl I ~ I G  1lUrnlw;r of 
large clasrs. The lack of clasts in the -8 to - 

1 1  phi Eize range {--.as 200 om) may in prt 
lx 811 w l i f w t  d '  t b  sumplinl;, sin= it is 
difiwlr w dczcct clasts in this range in the 
photognphs. Nevc~thclcss, wc cmpharizc 
that no clasts i n  this size range were found 
in the rmdonrly placed pids. Furthcmorc, 
we aote that olmto h i 3  sisc were v c 7  nrroly 
osooualord sicll'inl; L h r ;  h i d  wurk and thGrG 
may be a IW gap In clsst size between the 
two p ~ ~ p o s e d  populalions. 

Ocampo et al. [ l ]  interpreted thc 
green clay spheroids nnd clnsts to he altered 
impact glass and our additional d y s e s  
supptt this. Thc microprobe sulalyscs 
indicate that no glass is preserved, but much 
of the clay is palogonite, 8 common 
alteration product of glass. Tho carbonarc 
spheroids found in the spheroid bed and 
rarely in he  diamictite bed urs interpreted to 
be owrctionary lapilli, which arc commonly 
f w d  irr pyrudtrstic depusits. Ocampo et al .  
[ I ]  pmpascd an accretionary lapilli orign 
for thc spheroids with cores. but suggest4 
otter pnrsihlt ntiBins far the sphoraids 
without cores. Pyroclastic deposits 
commonly contain lapilli with and without 
(;ores [ 151 and our paragraphic examination 
of the carbonate spheroids tound no 
significant differences in the mtrix 
composition  hetween .gherni&. with and 
without cores. The radially fibrous calcite 
sphcrulcs found in the diamictite bed may be 
mother form of accretionary lapilli, given 
that many of t h m  also have lithic m s .  
Their fibrous crystalline structure and 
tektitelike surfaces n o t e d  above indicate 
that these spherulcs may hpve cryotallizod + 

fiern dcito molt. 
The complex stratidmion within the 

spheroid bed indicates Chat the composition 
of the volatile-rich plume that accretod the 
lapilli was rapidly evolving as it m h e d  tht 
~outllwn end of lhe Yucatm Penimuh The 
sovml dim&, thin &ruta suggcst multiplo 
flows with different amounts of glass, lapilli, 
and carbonrtc clasts were involved. The 
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absence of graded beds and the common 
lack of shear zones berween snata within the 
spheroid bed suggest that the debris may 
have been in parr deposited by turbulent 
flows. Pyroclastic air fall deposits are 
usually normally graded and laminar flows 
produce inverse grading due KO the  expulsion 
of large clasts from the base  by shear forces 

(imbrication) found in the spheroid bed is 
commonly observed in pyroclasric flows, 
where it is attributed to shear during  laminar 
flow [17J. We also note  that a few spheroid 
bed exposures have shear planes  (Fig. 4 and 
5). The presence of foliation and basal shear 
in soma strata, and rhe  lack of these  features 
in others, may indicate that the flows that 
deposited  the  spheroid  bed  were changing 
between hubdent and laminar.  Changes 
from a turbulent  to laminar flow regime are 
typical. of pyroclastic flows where the loss of 
volatiles (deflarion) reduces  buoyancy  forces 
(161. Such flow regime changes are typical 
of distal pyroclastic flows shortly before 
deflation and friction halt the flow [18]. 
This is consistent with our geological 
reconnaissance, which indicates  Albion 
Island is near the terminus of the continuous 
ejecta blanket. 

We interpret the large blocks with 
coatings of matrix material  in the diamictite 
bed as accretionary  blocks similar in origin 
to ihe carbonate spheroids. Ocampo et a l .  
[ 1 ] originally described one o f  these large (3 
m) clasts fiom Albion Island as a mud- 
coated boulder (Fig. 1 1  in 111). They 
suggested that the mud coating may be 
geneticalIy related to a large mudball also 
found in the diamictite bed (Fig. 14 in [ l]), 
which was interpreted as being  similar in 
origin to mudballs in ternstrial debris flows. 
In 1998 a better exposure (due to erosion) of 
th~s mudball  revealed that it is a giant mud- 
coated  boulder (Fig. 12), not a mudball. 
Mudballs form In debris flows when fine- 
grained sediment (mud) is ripped up and 

[ 161. Nevertheless, the foliation 

carried  along in the flow [ 193. In contrast, 
mudcoated boulders like those found on 
Albion Island have not been reported  fiom 
debris flows, We now  recognize  that rhese 
large mud-coated boulders are similar in 
structure and composition to the 
accretionary  lapilli, hence out interpretation 
of them as accretionary blocks. These large 
accretionary blocks  indicate that the 
diamictite bed is also derived fiom debris 
once suspended in a volatile-rich plume, b u ~  
one with large clasts and sufficient  energy  to 
transport 4.5-m-diameter  boulders. 

6. Comparisons with other ejecta deposits 

Surface exposures of proximal ejecta 
from large  impact craters are rare on Earth. 
Prior to the Belize discoveries, the best- 
known examples  were from the Ries crater 
in Germany [20,21] arid the Sudbury crater 
in Canada (e.g. the  Onaping Formation, 
[22]). The Alamo  breccia in Nevada (231 is 
probably proximal ejecta fiom a large 
impact, but no crater has been identified. 
The Pelarda Formation in Spain may also be 
proximal impact ejecta from the Azuara 
structure [24, 251, but  the impact origin of 
this material is controversial. Ries (-24 km 
diameter) is much smaller than Chicxulub. 
The exposures of Ries ejecta  extend  about 
two crater radii (24 km) from rhe center of 
the crater, whereas Albion Island is over 
three crater radii (360 km) from the center of 
the Chicxulub. Thus, Albion Island 
represents a more distal envitonment in both 
relative and absolute terms. Given these 
contrasts in size and proximity, depositional 
processes may have  been different for the 
Ries and Albion Island deposits.  Sudbury 
(-200 km) is approximately the same size as 
Chicxulub,  but no ejecta fiom outside the 
crater is preserved. Ejecta fiom other latge 
craters is either poorly preserved (e.g 
Popagai crater) or is known only fiom 
drilling  (e.g., Chesapeake Bay crater).  The 
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Albion Formalion ig the only known well- 
cxposd wmmplo of thc G O ~ ~ ~ I I U U W S  qiwta 
hlankct from B large (;*SO km dianlctcr) 
cmrcr. Chicxulub cjccta from farther south 
in Belize 1101 are prabably not part of' the 
octt~ti~ruous cjwh blruket. 

There  re no eosd impwt cmdoguoo 
la tho Albion Fmmatinn spheroid bcd. Thc 
bcst analogy is a volcanic pyroclastio flaw, 
howcvcr wt  h o w  of 110 vu1r;anio cmpics  
of carbonate accrerionary lapilli or blocks. 
Carbonale accretionary lnpilli are r e p m d  
from the Alamo breccia [26] and fiom 
Azuam [ZS]. T h y  arc also found ill lnorc 
distal Chicxulub ejecta in Mexico 127, 281. 
Silicate accntionary lapilli are present in 
u a k r  fil l  Lwwias of the Sudbury 1221 and 
Mnnson [29] cratcrs. The melt-rich cjmb 
cdbd suede at Rieo crater contain silicate 
spherules, chnndnllcs, and accretionary 
lapilli r301, In none of these examples do 
lapilli fbm a distinct stratum beneath 
c.oar~er ejecta, and in fact, the sttatipphy at 
Rics crater appears reversed, where Ihc 
l a p i l l i + h u h l ~  SUIIUL of the suevite overlie 
the came Bunte breccia, 

The Bunte breccia of the Rios mtet 
and the Runtalike, brecaia drillcd on the 
Chicxulub rim p l 1  share several 
oharwicristioa with thc Albion Fonnatiorl 
dimictite bed [I] ,  It is important to note, 
however, that the Runte hmwin fit Ries 
wtrtains nu altered &ss or accr&onary 
cl~sts. Tho Albion Formation diamictitc bcd 
contains abundant altered glass and 
accrcticmary clasts. and thus appears tn he 8 

rrlixlure of Bum breccia and SucVitGlike 
oamponenla. Thc dimictik bed also sharcs 
Inmy charoctori~c with tho Onaping 
Formatinn of the Srdbrry crrrtcr [22], 
nuhbly cummun altered glass fhgmcnts and 
accretionary lapilli and blocks. We ala, 
note close cimiiwitier bchwen the chy 
mkets with radially fihrous calcite 
splnrutcs in du; diamictitc bed and some of 
thc "spherulitic dikes" (those that are 

irregularly shapcd hndicpi no1 dikes) Fou~ld i s  
thc Onaping Fortrwioii. which comain cm- 
k x l  sphcrulcs wirh raclib1iil~ kldspur 
ctysralu [22). 

7. Continuous cjcrta blanket deposition 

The widcly ac;ceyt.ed mu61 for 
cmplaccmcnt nt' tllc Bunk breccia at Ries 
crater is ballistic sedi~~~e~natiorr [32], where 
impacting cjtcta blocks scour t t n  SUI,~WG 
and produce a surface flow composed of 
mimr moont~ of cjmta and much l o c a l  
rwk.  The principal evidence for lhis model 
is the abundanw of local rock in the Ountc 
Bremia [2 I]. Most of t h e  lithologies in tho 
Albion Formation are similar tn those af the 
lwd Barton Creek Formation and could be 
the product of souring by stcondruy 
impacts on the Yucatan platform. 
Nevertheless, this afflrment io not 
~undusive, since the u m r  2 km of target 
rock at Chioxulub is also wmposcd of 
cnrhonatcs similar to the Barlon Creek 
Formation (331. Impact models 134J predict. 
that the high ejection velwilies nesded to 
mch Bclicc would only occur at sh4llow 
tar@ depths, or close ta tho impmt center 
where the deeper crystalline rocks would 
have bwn melted (origin or {he Albion 
Formation altcrod glass). Thcrchre we 
cannot N ~ C  out the possibility that mosl of 
the Albion Formation is oompsed of 
primary cjt;l;la f m  Chiwulub. We note that 
the mow d i s t a l  cjccta from Ries ate also 
daminaied by rhe uppermost Wct 

Tfic fad that h r c  is no mridenm for 
major soourin8 at. thc base of the Albion 
Formation, and that the Cl, studies indicate 
the diamictitc bed and Llarton Creek 
Formation dolomites ure different, armes 
against prodwsion by load s w c d r y  
impacts. 'Nwerthele~s, the ejecta ,my have 
beon produced by such impacts farther up 
range, More importantly, WIistic 

litholops p I]. 
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Sedimentation does not account for the 
abundance of accretionary lapilli and blocks 
in the Albion Formation. 

Another model of continuous ejecta 
blanket  ernplacement is the ring vortex 
model [35,36,37]. In this model a turbulent 
cloud of primary ejecta is produced by 
atmospheric drag induced ring vortices  that 
develop upon breakdown of the advancing 
ejecta curtain. The turbulent cloud thus 
produced  contains much of the  finer ejecta, 
which is stripped from the ejecta cunain. 
This model  provides a becter explanation of 
the Albion Formation, given the abundance 
of fine matrix and accretionary and rounded 
clasts (abrasion in the ring vortices?). The 
large  accretionary  blocks in the Albion 
Formation may attest to the power of this 
turbulence, which likely reached supersonic 
speeds [35, 361. The apparent sorting 
reflected in the two populations of clasts in 
the diamictite bed may also be a product of 
ejecta interaction with the atmosphere, The 
ring vortex model [36] predicts sorting of 
clasts in the same size range as that found in 
Belize. 

The  complex stratigraphy of the 
Albion Formation indicates that the ejecta 
were  emplaced by multiple flows of 
different composition and possibly origin. 
The origin of the spheroid bed debris may be 
either jetting or vapor p l ~ m ~  entrainment of 
fine material fiom the ejwta curtain. The 
diamictite bed is probably derived from 
collapse of the main ejecta curtain. These 
flows may be the product of the complex 
emplacement processes proposed for 
fluidized cjma blankets on Mars and Venus 
[35,37]. 

We propose that ballistic 
sedimentation on planets with atmospheres 
may dominate only near the crater rim 
(perhaps within a final crater radii of the 
rim), where the initial blast of the vapor 
plume and the advancing ejecta curtain 
largely displace the almosphere, and where 

permeability in the ejecta curtain has not yet 
developed. At greater distances, the effects 
of the atmosphere become  significant, 
secondary impacts are reduced, and ejecta 
deposition is dorninared by material  derived 
from turbulent clouds of debris. This study 
demonstrates  that  atmospheres can play an 
important role in the  formation of 
continuous ejecta blankets of large craters. 
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FIGURE CAPI'XUNS 

Fig. I .  Si.ratigtaphy of the Albion l a l a d  
quarry, Relim. Spheroid bed section is from 
the saddle lowlien; stnrta 14  to dcsoribcd 
in tcxt, substrata (e.$. 244, 2b) are 
subdivisions not found in every quarry 
location. Clasts in Diamictite bed are 
sohr;mtllic. Kcy to Barton Creek Formation 
dolomite: a) thick, cmtscly crystalline beds 
with vugs indicative of lcachcd anhydritc 
nUJulr;s, b) thin, finely crysbdlint, beds, c) 
omsbcddcd, cmrse, oalcarenite beds, and d) 
fine grained, organic-rich, laminated beds 
with hummocky and ripple crossbedding. 
Insct: Map with lrmtiun of Albion Island 
and the Chicxulub crater. 

Fig 3. Uppa oonbcl of the Bama C ~ w k  
Funnation.  Note caliche with brecciated 
surface and dark iron oxide staining, Pen is 
14 cm long and rests on land surfaoc at time 
of impact. 

Fig. 4. Albion ldrnd quarry. Near center of 
photogaph is a planar 80-cm.thick Albion 
Formation sphcroid bed exposure with sharp 
Iowr (l3arWn Crwk Formation) anU upper 
(Albion Formation diarnictitc bcd) contacts. 

Fig. 5. Albion Formation sphemid W with 
clay lined ohear plmc cutting diagonally 
across the bed nmt thc brwc. Scnlo with 10- 
FIU iummcnts rests on Barton Creek 
Formation contact (total exposure 2 m). 
Note contact between spheroid bed and 
diamictite bed at 70 cm, markcd hy the 
appnmnce of cobbler but little change in 
tho matrix. 

Fig 6. Dolomite sphero~ds trom the base of 
the Albion Formation spheroid bed. Note 
flattened disk shape (scale bar 10 mm). 
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coarse and fine grain dolomite (scale bar 5 
mm); (c) thin section (plain polarized light) 
of concentric band of  coarse  crystals 
showing common, black, opaque cores 
(scale bar 0 .5  mm). 

Fig. 8. Thin section  (plain polarized light) of 
dolomite spheroid from the  Albion 
Formation spheroid bed  with a cote of two 
highly porous dolomite spheroids (scale bar 
10 mm). 

Fig. 9. SEM image of a polished section of a 
palagonire fiagment from a spheroid bed 
green clay spheroid showing a relict vesicle 
(right) and spherulitic devitrification 
features (lower left) (scale bar 0.1 mm). 

Fig. 10. Histograms of Albion Formation 
diamictite bed grain size measured  in 1 m by 
1 m grids from the saddle ( S A D ) ,  cut 1 
lower part (CTL), cut 1 upper pan (CTU), 
and cut 2 (CT2) locations in quarry. 
Percentages are based  an  cross-sectional 
area within the grids. Matrix is all clasts 
smaller than 0.8 cm. Line on graph depicts 
mean g a i n  size for the four locations. Phi is 
a base 2 scale with phi 4 = 0.8-1.6 cm and a 
phi -8 = 12.8-25.6 cm. 

Fig. 11. Albion Formation diamictite bed 
grain size plotted as cumulative  percent 
(area) on a probabifity scale. Data in phi -4 

to -8 are mean values from gnd analysis 
(Fig. 10). Data for phi -12 and -13 are fiom 
analysis of  photographs. Note  grid data plot 
near a straight line, indicative of a single 
normally distributed population. 

Fig. 12. Albion Formation diamictite bed 
accretionary block (diameter 4.5 m); dashed 
lines demarcate geenish gray core of 
dolomite and clay surrounded by a 75-cm- 
thick rind of white dolomite matrix. 

Fig. 13. Albion Formation diamictite bed (a) 
striated  dolomite cobble with close-up of 
upper tip (b) showing penetrating lithic 
fragment (scale bar in both  photographs 10 
mm). 

Fig 14. Albion Formation  diamictite bed 
calcite spherules. Note protrusions on 
sdace  (scale bar 10 mm). 

Fig 15. Thin section (plain polarized light) 
of Albion Formation diamictitc bed altered 
glass shard (palagonite and smectite) 
showing relict vesicles with concentric 
alteration patterns (scale bar 0.5 mm). 

Fig. 16. Albion Formalion diamictite bed 
shocked quartz grain showing two sets of 
planar deformation features (scale bar 20 
Pm>. 
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